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Abstract 
Background: Fasciculations represent early neuronal hyperexcitability in amyotrophic lateral 
sclerosis (ALS). To aid calibration as a disease biomarker, we set out to characterise the 
daytime variability of fasciculation firing.  
 
Methods: Fasciculation awareness scores were compiled from 19 ALS patients. Additionally, 
ten ALS patients prospectively underwent high-density surface EMG (HDSEMG) recordings 
from biceps and gastrocnemius at three time-points during a single day.  
   
Results: Daytime fasciculation awareness scores were low (mean=0.28 muscle groups), 
demonstrating significant variability (coefficient of variation=303%). Biceps HDSEMG 
recordings were highly consistent for fasciculation potential frequency (intra-class correlation 
coefficient [ICC] = 95%, n=19) and the inter-quartile range of fasciculation potential amplitude 
(ICC = 95%, n=19). These parameters exhibited robustness to observed fluctuations in data 
quality parameters. Gastrocnemius demonstrated more modest levels of consistency overall 
(44-62%, n=20).   
 
Discussion: There was remarkable daytime consistency of fasciculation firing in the biceps of 












Fasciculations are found almost universally in the limb muscles of patients with amyotrophic 
lateral sclerosis (ALS)1 2 and consequently considerable attention has focused on correlating 
fasciculation parameters with measures of long-term disease progression.3-5 It is our 
experience that ALS patients are often unaware of fasciculations until a clinician highlights 
them. From that time, patients report being most aware of this symptom when relaxed and the 
muscle is still. It is unknown if this is due to true variability of fasciculation firing during the 
course of the day or variable levels of attention paid to consistent fasciculation patterns.  
 
This is important for two main reasons. First, the Awaji criteria have emphasised the diagnostic 
value of fasciculation potentials in the neurophysiological assessment of ALS patients.6 It has 
been proposed that 70-90 seconds are required to confidently exclude the presence of 
fasciculation potentials using needle EMG7 or HDSEMG.8 However, an understanding of how 
diurnal fluctuations might influence these estimates is lacking. Second, this issue will have a 
bearing on the optimal design of future drug trials that might rely on biomarkers of 
hyperexcitability or fasciculations to assess outcome.9 If there were a particular diurnal pattern 
to fasciculations, it would be essential to assess patients at a similar time of day.  
 
Only one study has addressed this question, albeit in healthy adults only, showing that there 
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was significant daytime variability in fasciculation potential frequency in the abductor hallucis 
longus.10 Some variability may be attributed to specific daily triggers, for example caffeine 
consumption, sleep deprivation and recent physical exertion, although the impact of these 
factors on neuronal hyperexcitability in ALS is poorly understood.11 12 Other factors, such as 
age and stress levels, are likely to influence fasciculation occurrence over longer timeframes.13  
 
In this study, we set out to understand how both the subjective awareness and objective 
measurement of fasciculations vary during the course of the day in ALS patients.  
2 Methods 
2.1 Patient recruitment for HDSEMG recordings 
Ethical approval was obtained from the East Midlands (Nottingham 1) Research Ethics Service 
(Ref: 17/EM/0221). Patients with ALS were recruited from the King’s College Hospital Motor 
Nerve Clinic between Jun-Dec 2018 and provided informed written consent before 
participation according to the Declaration of Helsinki. Patients had received a diagnosis of ALS 
within 24 months of symptom onset, satisfying criteria for probable/definite ALS using the 
revised El Escorial Criteria.14 Patients underwent three HDSEMG assessments at 9am, 12pm 
and 3pm on the same day. 
 
2.2 Data collection and processing 
2.2.1 Diary collection 
Self-reported diaries were compiled from a parallel longitudinal study of 20 ALS patients.15 
Five of these patients also participated in this current study (see final column of table 1). We 
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asked patients to complete a diary of hourly fasciculation awareness for one week leading up 
to each assessment, which took place every two months for up to 14 months.  
 
2.2.2 HDSEMG recordings 
At the 9am assessment, baseline demographic data and a neurological examination were 
documented. Patients were asked to report the month of symptom onset (persistent focal 
weakness). We performed the ALS Functional Rating Scale-Revised (ALSFRS-R)16 and 
Medical Research Council (MRC) sum power score (summed total of bilateral MRC power 
scores for shoulder abduction, elbow flexion, wrist extension, hip flexion, knee extension and 
ankle dorsiflexion; normal score = 60).17 Individual MRC power scores of 4+, 4 and 4- were 
converted to numerical scores of 4.3, 4 and 3.7 respectively. MRC power scores were 
documented at baseline by the same assessor (UM). All assessments took place in the 
Academic Neuroscience Centre, King’s College Hospital, London, UK.     
 
At each assessment during the day, 30-minute HDSEMG recordings were taken from biceps 
brachii and medial gastrocnemius on the side of symptom onset. The HDSEMG data collection 
methods have been previously reported in detail.18 Briefly, patients were asked to relax on the 
examination couch with legs in a horizontal, partially flexed position and forearms prone with 
an elbow angle of 90-120 degrees. Before sensor placement, the skin overlying biceps and 
gastrocnemius was lightly scrubbed with an abrasive gel and a 70% alcohol wipe. The sensor 
had 64 circular electrodes (8x8 grid; electrode diameter 4.5mm; inter-electrode distance 
8.5mm) and signals were amplified by the Refa-64 EMG Recording System (TMS International 
BV, The Netherlands). The raw HDSEMG data was stored as a proprietary Polybench file at a 
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sampling rate of 2048Hz per channel. The sensor was removed in-between assessments on 
the same day. 
  
Computation of fasciculation potentials was performed in MATLAB (R2014a) using specifically 
designed scripts and laptops with Intel i7 (2.5GHz) processor. Description and validation of 
SPiQE’s analytical pipeline have been reported elsewhere.18 In brief, an initial screen for motor 
unit potentials was applied to each recording channel. This involved the detection of the most 
extreme amplitudes (positive and negative), representing the peaks and troughs of motor unit 
potentials. For each of these potentials, the channel with the greatest peak-trough amplitude 
difference was transferred into a ‘super-channel’. Based on manual counts, we found a linear 
relationship between average noise levels and the optimal amplitude threshold for inclusion of 
fasciculation potentials. We confirmed that the optimal automated model was a noise-
responsive algorithm, capable of adjusting its amplitude inclusion threshold according to the 
local noise level (referred to as ‘noise band’). In addition, areas of the recording with excessive 
noise were automatically identified and excluded from further analysis. This pipeline achieved 
a classification accuracy of 88% when applied to 5,318 fasciculation potentials that had been 
identified manually. Unrelaxed motor unit activity was identified by AVID (Active Voluntary 
IDentification), a semi-automated, flexible system built to exclude regular trains of motor unit 
potentials.19 Finally, fasciculation potential parameters for each recording (frequency, 
amplitude median and amplitude inter-quartile range [IQR]) were computed by SPiQE.  
 
2.3 Statistical analysis 
 
2.3.1 Diary analysis 
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We converted each hour of diary completion into a fasciculation awareness score (FAS; 0-3), 
based on the documented awareness of fasciculations: 0 = no report of fasciculations; 1 = 
fasciculations in one muscle group; 2 = fasciculations in two muscle groups; 3 = fasciculations 
in at least three muscle groups. Overnight scores (12am-6am) were excluded. Mean hourly 
FAS was calculated. In order to assess the daytime variability, we calculated the coefficient of 
variation (100*standard deviation/mean) across each day. These calculations were performed 
in Prism V7.0a.  
 
2.3.2 Analysis of parameter consistency 
In the statistical program R (V3.3.1), we employed a two-way, random, absolute agreement 
intra-class correlation coefficient (ICC) model to assess the variability of fasciculation potential 
and data quality parameters between time-points, with 100% reflecting perfect consistency.20 
The two-way model was considered the most appropriate, as it treated both the time-points 
and the assessed muscles as random effects. Estimates of the ICC, alongside 95% 





3.1 Diaries of fasciculation awareness 
Diaries from 19 patients were compiled (mean age = 63 years; 17M:2F; mean duration of 
symptoms = 30 months; site of onset: 37% upper limb/32% lower limb/31% bulbar). A total of 
574 patient-days of diary data were collected in blocks of one week. The mean daytime 
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fasciculation awareness score was 0.28 muscle groups. There was significant diurnal 
variability with a coefficient of variation of 303% (figure 1). 
 
3.2 Variability of fasciculation potential parameters 
3.2.1 Data quality 
Ten patients with ALS each underwent three assessments at 9am, 12pm and 3pm on the 
same day (patient characteristics are displayed in table 1). For patient 1, recordings from the 
left biceps were contaminated by the electrocardiogram and were excluded from analysis. The 
median time included for each recording was 27.7mins (IQR 22.9-29.8mins) after exclusion of 
unrelaxed motor unit activity and excessively noisy portions of data. The principle measure of 
data quality (noise band) was extremely variable (ICC did not differ from zero) across the three 
time-points for both biceps and gastrocnemius (figure 2d).    
 
3.2.2 Fasciculation potential frequency (FF) 
Half of the patients achieved at least two FF measurements above 50/min in biceps (figure 
2a). The overall ICC across the three time-points for FF was 88% (95% CI: 76-95%). When 
each muscle type was analysed separately, biceps achieved remarkable consistency with an 
ICC of 95% (95% CI: 85-99%), while gastrocnemius was more variable with an ICC of 64% 
(95% CI: 25-89%). The very high consistency in biceps recordings was particularly noteworthy 
in the context of extremely variable noise levels. 
 
 
3.2.3 Fasciculation potential amplitude (median and IQR) 
This article is protected by copyright. All rights reserved.
  
When considering biceps recordings, the ICC did not differ from zero for amplitude median, 
however it did achieve high consistency for amplitude IQR (ICC = 95%; 95% CI = 87-99%; 
figure 2b-c). Similarly, in gastrocnemius the ICC did not differ from zero for amplitude median 
but achieved a modest degree of consistency for amplitude IQR (ICC = 46%; 95% CI = 4-
82%). Therefore, amplitude IQR was the most robust measure of fasciculation potential 
amplitude across the three time-points, excelling in biceps muscles in a parallel manner to 
fasciculation potential frequency.  
 
4 Discussion 
This study highlights the discord between the subjective awareness and objective 
quantification of fasciculations in ALS. Although caution is advised when extrapolating beyond 
a 9am-3.30pm time window, this study sheds light on the daytime variability of fasciculations in 
ALS patients. The most consistent measures were fasciculation potential frequency and 
amplitude IQR, and biceps persistently outperformed gastrocnemius. The observed 
consistency in biceps was particularly striking, considering HDSEMG noise levels have been 
shown, in this and a previous study,18 to be significantly higher in biceps than in 
gastrocnemius. In fact, due to the high variability in noise levels between repeat 
measurements, this study emphasises the robustness of SPiQE’s noise-responsive algorithm. 
However, it must be noted that extreme noise levels were not managed well. This was 
demonstrated by the 12pm recording of patient 4 (figure 2a), which had the highest noise level 
recorded in the study (figure 2d) and correspondingly produced a FF measurement that 
differed considerably from the 9am and 3pm recordings. 
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These results suggest that the assessment of fasciculations is not influenced significantly by 
the time of day. Knowledge of this is reassuring in the diagnostic evaluation of ALS patients in 
the clinical setting and the longitudinal assessment of patients in research studies, imposing 
no logistical restraints on the time of day that fasciculation assessments take place. A 
significant contributing factor to the high consistency observed was the duration of each 
recording. This was set at thirty minutes, longer than other studies assessing fasciculations 
using surface EMG.21 22 Encouragingly, there remained 27.7 minutes per recording after 
exclusion of voluntary activity and excessively noisy sections of data. Recordings of this 
duration allowed for any minute-by-minute stochastic fluctuations in fasciculation patterns to be 
averaged out. This study adds weight to the argument that, in biceps at least, thirty minutes is 
more than sufficient to record an accurate snapshot of fasciculation potential firing at that time. 
In fact, shorter durations may be preferred to improve patient convenience, especially if more 
muscles are being analysed, without detriment to the quality of the analysis. Fasciculations 
result from neuronal hyperexcitability and their measurement with HDSEMG may prove to be a 
simple and practical readout of hyperexcitability in clinical trials.9  
 
From a theoretical standpoint, it was unsurprising to see that the fasciculation potential 
amplitude median showed poor consistency across the time-points in the face of highly 
variable noise levels. Due to SPiQE’s noise-responsive algorithm, a shift in noise upwards 
would lead to a linear increase in the amplitude inclusion threshold. In that scenario, 
fasciculation potentials in the lower amplitude range would be preferentially excluded, leading 
to a consequent rightwards shift in the amplitudes of the accepted fasciculation potentials. The 
median amplitude would be very sensitive to this change, as confirmed in figure 2, whereby 
changes in noise (most notably patients 2, 4 and 6) led to parallel changes in amplitude 
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median. It was therefore reassuring to see that fasciculation potential amplitude IQR was a 
much more robust measure, particularly in biceps. This is intuitive, as a rightwards shift in 
amplitude would be unlikely to alter the spread of amplitudes significantly.  
 
There were several limitations to this study. Only ten patients were included, restricting the 
generalisability of these results amongst all ALS patients. We did not control for common 
modifiers of fasciculation potential frequency, such as caffeine consumption. Ideally, we would 
have liked to take recordings beyond a 9am-3.30pm time window, however the practical 
limitations of hospital-based assessments made this difficult. We only assessed two muscles, 
limiting the generalisability of these conclusions to other muscles. It would be particularly 
relevant to extend this work to muscles that are involved at a relatively early stage of ALS, 
such as the first dorsal interosseous and tibialis anterior. 
 
In conclusion, this study indicated that fasciculation patterns in ALS patients were consistent 
throughout the day, particularly so in biceps and often at fasciculation potential frequencies 
above 50/min. This stood in stark contrast to patient-reported accounts, whereby patients 
demonstrated a sparse and intermittent awareness of fasciculations. Therefore, when 
recruiting patients to studies that employ measures of fasciculations or hyperexcitability, it 
would be inadvisable to screen patients based on their subjective awareness of fasciculations. 
From a practical standpoint, these results impose no additional logistical burden on the time of 
day that patients are assessed in clinical and research settings. Moreover, this study further 
supports the validity of fasciculation potential parameters in the longitudinal assessment of 
ALS patients as the search continues for reliable disease biomarkers.    
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Figure 1. Heat map representation of self-reported fasciculation awareness amongst 
ALS patients. 574 patient-days of diary data were collected. Patients provided diary data for 
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seven consecutive days at intervals of two months. Fasciculation awareness scores (FAS) 
were applied to each one-hour block during the 24-hour daily cycle: 0=no awareness, 
1=fasciculation awareness in one muscle group; 2=fasciculation awareness in two muscle 
groups simultaneously; 3=fasciculation awareness in 3 or more muscle groups simultaneously. 
Patient ALS13 did not provide any diary data owing to significant upper limb disability.  
 
Figure 2. Variability in fasciculation potential parameters and noise band amongst ALS 
patients. Comparison of parameters across three time-points (9am/12pm/3pm) per patient per 
muscle. ICC estimates displayed. ICC, intra-class correlation coefficient. 
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diary data in 
figure 1 (where 
available) 
1 67 M Bulbar 36 40 60 L 5 5 ALS11 
2 80 M Both ULs 35 33 47.5 R 3 5 ALS13 
3 62 M Bulbar 18 29 48.1 R 5 2 ALS16 
4 58 M Right UL 14 47 55 R 3.7 5 ALS19 
5 71 M Right UL 61 41 55.7 R 3.7 5 ALS20 
6 82 F Left UL 120 41 43 L 3 3 N/A 
7 58 M Bulbar 20 44 60 L 5 5 N/A 
8 50 F Left LL 6 39 51 L 5 3 N/A 
9 65 F Left UL 13 32 48 L 4 5 N/A 
10 68 M Left UL 23 36 42 L 1 4 N/A 
 
ALS, amyotrophic lateral sclerosis; ALSFRS-R, amyotrophic lateral sclerosis functional rating scale-revised; LL, lower limb; MRC, Medical Research Council; UL, upper 
limb.
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